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not perpendicular to the propagation path the cavity was leaking energy off

to the sides.

Once the skew line problem was solved resonators of much higher
Q were fabricated but not up to the value demonstrated previously. A
careful study of the grating revealed that a periodic error is introduced by
“ the lead screw of the stepping table and that the error caused the grating
to become slightly non-periodic and thus the optimum resonance condition
could not be approached. Since this kind of error cannot be corrected,

even in the design, we had to abandon any attempt to fabricate gratings

using the step and repeat system.

2.2.5 Phase Weighted Grating Resonators

The concept of a phase weighted grating resonator is new and was
introduced in the proposal. Since we were ultimately unable to make gratings
with the step and repeat system, and since the cost of one such commercial
mask is of the order $4000, this device was not studied any further. The
phase weighted grating concept is described below for completeness.

The equivalent point of reflection in a grating is a function of
frequency and this implies a frequency dependence of the total cavity length.
Since the cavity length determines the allowed resonant modes, it is
possible to increase the bandwidth of the resonance without lowering the Q.
For example, in a bulk resonator if the plate could be thinned inversely
proportional to frequency then resonance could be maintained over a broader

bandwidth and, if the thinning process suddenly stops the resonator would

k| go through its usual rapid transition. Of course it is not possible to
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dynamically thin a bulk resonator. However, an equivalent process can
be performed in the grating by changing the periodicity of the discontinuity
as a function of position. This phase weighting technique has been well
established for pulse compression filters.

For resonators it would be desirable to maintain the resonance
condition over a wider frequency so that fewer elements would be required
in a given implementation or design. The quantity of interest then is the

phase condition for resonance

= nm n=1,2,...
where
y) 2
(o) b
cp-erfn(v +2V ) (2.1)
8 g

f = resonant frequency

1
n

separation between gratings

4_ = apparent reflection point

<
1]

velocity between gratings

V = velocity within grating.

The basic requirement is that the phase must be independent of frequency

for a broad resonance, A = 0. Taking Vs= Vg we obtain

nvs ‘o
zr=z-f:-—2—. (2.2)

This equation implies that the reflection point must have a 1/f dependence

as expected. The grating periodicity in the region near L. would have the




periodicity xn= V’/fn. Thus as ‘r moves across the grating as given in
(2. 2) the local periodicity also varies as l/fn. However, this variation
cannot occur too rapidly because the reflection coefficient must be large.
Since the reflection coefficient results from many small additions the phase
coherence must be maintained over a large number of discontinuities. This
property may be described by an equivalent number of discontinuities, Neq'

f
N = M In o § (2.3) .
eq 2
2
I where

M = number of wavelength across the total cavity

ln = denotes natural log

f. = end of chirp, highest frequency

f. = start of chirp, lowest frequency.

For small values of phase weighting we can define Af = fl- fz,

f =f_, then for Af/fn small

n 2
~ M AL
Neq 2§ (2.4)
n
or
N 1AL (2.5)
eq 4 Afn

where Afn is the cavity mode frequency interval.

The length of the chirp region is given by

v e M
s £.f

M
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In this configuration the chirp slope is fixed by the constraint that

the cavity remain in resonance. As a result A g depends on what value of
Neq is required to give a large enough reflection coefficient. To increase
the absolute bandwidth the gratings are simply made longer. The first
constraint on the cavity length is due to limits in mask size or crystal
length-

From the equation for A4, a time bandwidth product can be obtained,

2
atag= 4 AL . (-1

Z £
For a modest Af/f of 10% and M = 1000 the time bandwidth product would
be less than two, a very realizable number.

The bardwidth of the phase weighted resonator is limited finally by
the bandwidth of the central IDT. Buld mode generation has been suppressed
by arranging the high frequency sections of the grating to initially intercept
the wave.

2.2.6 Two Port Bulk Wave Filters

In the study of two port surface wave filters it is natural to compare
the performance of these devices to the bulk wave counterparts. Of parti-
cular interest are the stacked crystal filter configurations where two bulk
wave resonators are coupled via a common ground electrode [5-15],

Figure 2. 5. If designed properly, the common electrode offers no resistance
to the propagation of waves and therefore the two cavaties are tightly coupled.

The outside walls act as perfect reflectors and consequently the insertion

loss of the device is very low. Out of band the rejection is large due to the
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Figure 2.5 Stacked Crystal Filter Schematic.




high Q of the cavities and the electrostatic barrier between input and

output electrodes. The stacked crystal filter is also a much smaller
device since it is only one wavelength long for fundamental mode operation
and at most five wavelengths at reasonable overtones whereas the SAW
resonators are at least 300 wavelengths long.

During the last year of this project we began to look at the thin film
stacked crystal filter as an alternate to the SAW resonator. Our task took
two paths, first was a simple equivalent circuit modeling that drew upon
our SAW modeling experience and second was a device fabrication geometry
that appeared promising and could use the physical facilities developed on
the program.
2.2.6.1 Crystal filter modeling. There are three basic approaches to
analyzing the SCF configuration. The first method would be to treat it as
a boundary value problem with excitation, the second is by the transmission
line models treated exhaustively by Ballato [2], and the third by the use of
Mason equivalent circuit modeling. The latter approach leads to simple
SCF equivalent circuits whose simple pi network elements are readily

describable in terms of resonator impedances or lumped elements. We

show below that these lumped element descriptions clearly establish the

filter characteristics in terms of material parameters readily available or
obtainable from free plate resonator measurements including losses.
The Mason model approach studied on this program yields simple

pi network models for the cases:




(i) two perfectly coupled identical single mode or multi mode

resonators having finite Q.
(ii) two resonators coupled by a finite thickness bond region having
arbitrary impedance and propagation loss.
(iii) non-identical resonators coupled by finite bond region.
The case of multimode coupling due to boundary effects rather than direct
piezoelectric excitation has not yet been attacked but should yield readily
to the techniques already employed.

The analysis of the SCF using Mason equivalent circuits starts from
the configuration of Fig. 2.6. In this derivation all impedances are
expressed in electrical units normalized by ij-l for convenience, and i
any mechanical impedance external to the transducer is normalized by the h
resonator impedance. The 1:1 ideal transformers need only be included in R
the external circuit analysis if the polar sense of the crystal and hence
excitation phase of the wave need be known. A finite backing metalization ;;‘;
may be included as an equivalent impedance or lumped inductance if thin.

In order to reduce the coupled circuit of Fig. 2.7a to a simple ''m"

or "T'" equivalent, a sequence of T+m or m-+ T circuit transformations are

performed. After each transformation the resultant network is expanded to

include other series elements or shunt elements until a simple m network

is obtained. For very many coupled resonators, the mathematical cascading
technique used for SAW devices may be employed for analysis but does not
result in an equivalent circuit in the usual sense.

The simplest SCF configuration is that of identical single mode disks
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coupled by a zero thickness bond region. The resultant equivalent circuit

is shown in Fig. 2.8. The impedances for the m elements are as follows:

N
[

2 v
1 K :
RZ- ch( 1- ) tanﬂ) {

= 1 1_Kzta.n¢/2
Rl ~ jwC p/2

y 2
Z.= jnC zZ, ZRZ(I-cot p/2)

where

p

mf/fo

fo parallel resonant frequency.

Note in particular that ZRI and ZRz are expressions for the impedance of

individual resonators having parallel resonant frequencies of fo and fo/2

respectively. Thus Z is the impedance of the free resonator and Z

R1 R2

the impedance of a resonator having one free side and one clamped side.
Any losses in the resonators may be accounted for by allowing the phase, 9,
to be complex.

For frequencies near fo the impedance of ZRZ reduces to that of a

capacitor C and Z _, reduces to Zp, as shown in Figure 2. 8b. The series

C

element is now Zp (which is 2Z in parallel with a negative capacitor,

R1

-C/2). If the resonator is given its Butterworth-Vandyke equivalence, then

the circuit of 2. 8¢ results. This is a very simple result of considerable

importance because the filter design constraints are simply related to




Figure 2.8 Equivalent Pi Network for SCF.




single resonator performance. The series element of the m network in

Fig. 2.8c is given exactly by

2 p/2
c* —ij —-—Kz cot #/2-1

which of course may be expanded to give the series RLC circuit. In the
cases of interest, the reactance of C is generally much larger than the
50 ohm source or load. Consequently, no tuning is required to enhance
the conjugate impedance match when the resonator series loss is small.
The transfer function of the circuit in Fig. 2. 8c is virtually identical to
that of a single resonator balanced bridge configuration. In each case the
static capacitance is effectively subtracted from the resonator admittance
leaving just the series RLC part.

The extension of Fig. 2.8c to more complicated cases should be
evident. For example, multimode resonators would be represented by the
circuit of Fig. 2.9a having additional RLC's in parallel and coupled
resonators having slightly different resonant frequencies would have the
circuit of Fig. 2.9b.

The case of two identical resonators coupled by a finite thickness
bond region is of considerable technical interest because it relates directly
to the experimental problem. The equivalent circuit for this configuration

is identical to that in Fig. 2.8 except for the defining impedances:
. § K tan [
R2  jwC AP

o (I_Kztanﬂ/z)

N
|
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Figure 2.9 SCF Lumped Equivalent Circuit.
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2
where
=1 4
A0 1 ao
Al = 1-!-a.1
=1+

AZ 1 az

zZ
a. =T
0 2 ZTI(Tsz-z)

2

zT.  (z-T,T.)

e 1 152
1 2 (T1+ zTZ) (ZTsz-z)

T13
a, =T
2 2 2

(l-T1 )(ZTsz-z)
where

Tz = tan /2
T1 = tan /2
z=z=2_J/Z

We note that § is the phase across the bond region and z is the

normalized bond region impedance. For §=0, a,=a =a,= 0 and the

circuit reduces to that of zero bond thickness derivation.

Also note that the filter transmission peaks at a series resonance
of an equivalent resonator, ZRI whose normal resonance is modified by
the factor AI’ For small bond thickness it is clear that the A's may be

expanded in the form of 1+¢ where ¢ is a small number. The imaginary

part of ¢ is the factor which introduces another series loss resistance in

the series RLC circuit of Fig. 2. 8c,

G D




1
R = =— ol
B wcC ZKZ

where o is the propagation loss of the bond region, g the bond thickness,
and z the impedance ratio assuming the loss is small.

It is a general feature that all mechanical impedances are trans-
formed by the proportionality factor (u ckz)-l which gives high Q, but low
kz and low capacitance materials, an unfavorable series loss resistance
in to 50Q systems. For example, we measured a commercial 3. 3MHz
(3 pf.) quartz resonator and found its series loss resistance was 100 ohms
as inferred by transmissing to a 500 load. Two such resonators, perfectly
bonded in a SCF conﬁguratiori, would give 200 ohms at series resonance
and an insertion loss of 9.5 dB. For an insertion loss of 1 dB or less a
single resonator would require a series loss of 6.5 ohms or less implying
a large resonator area at this low frequency.
2.2.6.2 Experimental device configuration. The experimental device
configuration for the implementation of the SCF must be chosen carefully
since one of the major experimental problems is the bond region between
the two piezoelectric plates. The physical bonding of two piezoelectric
plates is difficult except for thick plates and for that reason we elected to
consider an approach using thin films rather than bulk crystals. The thin
crystal films must, however, be supported in some manner in order to
make the device practical. The substrate we have chosen is silicon because
it can be selectively etched to form pockets, Figure 2.10, In Figure 2.10
the vertical dimensions are greatly compressed in order to show the

transverses dimensions in some detail.







Before the end of the program we had experimentally etched pockets

in Si substrates using selective etching through oxide windows. We had

clearly demonstrated the feasibility of Si as a substrate and plan to continue

this project on other funding.
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3.0 SUMMARY AND CONCLUSIONS

The major problems addressed during this research effort was the S
two port filter using SAW resonators and, during the last part of the
program, the crystal film implementation of the stacked crystal filter. In
order to carry out the SAW resonator device research, considerable effort
was directed toward the problems of mask making, resonance measure-
ments, and computational methods and display.
It was felt that a purely theoretical program was not in order because
the theoret@ca.l modeling at USC had already been taken to the point where
excellent results were being obtained. What was required then was a strong
feedback from precise experimental measurements which could then influence
the theoretical modeling. However, by the time the program got started
much of the work originally proposed had already been reported by other ,
researchers in this fast moving field. We decided then to place major

emphasis on the two port resonator problem.

;i

The experimental effort then hinged on the fabrication of some unique |
device geometries. To fabricate these devices we put together a step and i
repeat camera system for photomask production which would allow us to a

make the larger and more complicated devices.

The desired results were not obtained due to a number of reasons.
First and perhaps most important, the photomask system lacked the needed
precision and secondly there was a large turnover of inexperienced research

personnel during the grant period which caused a lack of continuity in the

program.




Late in the program the emphasis was shifted away from SAW
devices to the bulk wave stacked crystal filter. This move was optimum
because most of the mathematical modeling skills transferred eas ily from
SAW to bulk wave, the step and repeat system was perfectly adequate to
make the required photomasks, the computer controlled network could be
employed in the measurements, and the device physics was more suitable
for students not having one or two years training in the SAW area.

In conclusion, the two device configurations of interest, the phase
weighted grating resonator and the in grating IDT coupling, are still valid
concepts that were neither proved nor disproved by the results of this

program. The introduction of the crystal film stacked crystal filter concept

is of major importance because it shows a practical way to fabricate a

device that has been most difficult to achieve by other means.
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